Introduction
============

Cisplatin and paclitaxel have been used widely for the treatment of patients with lung cancer [@R1]--[@R3]; however, their efficiencies are only 25--54%. This low efficiency is partly because of the development of drug resistance of cancer cells. The resistance mechanism is complex and remains unclear. Recent studies have shown that many factors affect the tolerance and sensitivity of cancer cells to chemotherapeutic drugs [@R4],[@R5]. Among these factors, the tumor-suppressor gene *p53* plays an important role in regulating the sensitivity of cancer cells to drugs by blocking cell cycle progression and inducing programmed cell death [@R2],[@R6]. As a transcription factor, the central domain of *p53* targets specific DNA sequences and regulates the transcription of downstream target genes. Conversely, the central domain is regulated by many factors, including the C-terminus, which plays a negative role. Previous results have shown that lung cancer cells transfected with a deleted-C-terminal *p53* grow more slowly than those transfected with full-length *p53 in vitro* [@R7]. Similar findings have also been reported [@R8]. However, the studies of the effect of *p53* deleting C-terminal on the sensitivity of cancer cells to drugs have not been reported.

The xenograft in nude mice refers to human cells or primary tissues that are inoculated into immunodeficient nude mice subcutaneously. The method plays an important role in the research of tumor biology, drugs and gene therapy, etc. and has been used for decades [@R9]. This method has some shortcomings after it has long been used and evaluated. For example, the experimental results are not completely consistent with the clinical outcomes; the research fields have some limitations; and some difficulties exist in the operation process so that they affect the accuracy of experimental results. In view of these existing problems, the method is also improving [@R10]--[@R13]. To solve the problem of difficulties in the operation process, the method was improved.

In this study, we compared the sensitivities of cancer cells transfected with either adenovirus-packaged deleted-C-terminal *p53* or full-length *p53* to cisplatin and paclitaxel *in vivo*. Two techniques were used to deliver adenoviruses, referred to as the 'first' and 'second' methods. In the first method, adenovirus-packaged full-length *p53* or deleted-C-terminal *p53* were injected into xenograft tumors, respectively, and the drugs were then administered. In the second method, tumor cells were infected with three adenoviruses before xenotransplantation and the drugs were then administered when the tumors became palpable. The results of the two methods were not exactly compatible. Infection with *p53* deleting the C-terminal increased the sensitivity of 801D cells to anticancer drugs in the second, but not the first method. In addition, the second method showed more advantages.

Materials and methods
=====================

801D cell line and *p53* gene status
------------------------------------

801D cells (kindly provided by the People's Liberation Army General Hospital) were cultured in 1640 medium supplemented with 10% fetal bovine serum. The *p53* gene in these cells shows loss of heterozygosity in the 248th codon and a CGG→CTT transversion [@R7].

BALB/c nude mice and chemotherapeutic drugs
-------------------------------------------

All animal experiments and maintenance conformed to the guidelines of both the Animal Care and Use Committee and the American Association of Laboratory Animal Care. Female BALB/c nude mice (Vital River, Beijing, China) aged 4--6 weeks (average weight 20 g) were used in this study. These mice were raised in a pathogen-free environment at a temperature of 21±2°C and a relative humidity of 30--70%. Specialized personnel were responsible for their feeding.

Cisplatin was purchased from Qilu Pharmaceutical Factory (Jinan, China) and paclitaxel was purchased from Beijing Sihuan Medical Science and Technology Company (Beijing, China). The two drugs were dissolved in saline to a concentration of 0.3 mg/ml.

Construction of the recombinant *p53* adenovirus
------------------------------------------------

Recombinant *p53* adenoviral plasmids were constructed using the Ad-Track-Easy transgenic system as described previously [@R6]. Two deficient adenoviruses carrying either full-length *p53* \[*p53*(wt)\] or the deleted-C-terminal *p53* \[*p53*(del)\] were prepared. The two recombinants, plus the empty vector, were then infected into 293 packaging cells, together with the defective adenovirus, to generate the control adenovirus (Ad), Ad-*p53*(del), and Ad-*p53*(wt) [@R14]. Virus concentrations were determined by multiplicity of infection (MOI) [@R6].

Preparation of the *p53* recombinant adenovirus
-----------------------------------------------

Two recombinants were constructed using the Track-Easy plasmid vector: Track-Easy-*p53*(del) and Track-Easy-*p53*(wt). Track-Easy alone served as an empty-vector control. Track-Easy-*p53*(del) contained a truncated form of *p53* in which the amino acids 356--393 of its C-terminal and all noncoding sequences after the stop codon were deleted. Track-Easy-*p53*(wt) contained wild-type *p53*. The two recombinants plus the empty vector were transfected into 293 cells using lipofectamine to prepare three deficient adenoviruses: Ad-*p53*(del), Ad-*p53*(wt), and Ad (control) [@R14].

Examination of the infected efficiencies of *p53* reagents
----------------------------------------------------------

### Cell proliferation assay

Tumor cells (3000/well) were seeded in flat-bottom 96-well plates. Cell proliferation was evaluated using a 3-(4, 5-dimethyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega, Madison, Wisconsin, USA) assay, which was performed at a fixed time every day for the next 5 days. 20 μl MTS was added to each well, followed by incubation for 3 h. The absorbance was recorded at 490 nm using an EL-800 universal microplate reader (Bio-Tek Instruments, Winooski, Vermont, USA). This experiment was repeated three times.

Cell apoptotic analysis
-----------------------

Cells were inoculated in a 96-well plate and grown to 75% confluence. Cells in the logarithmic growth phase were collected. After washing with RPMI-1640 medium without serum, cells were incubated in 100 μl RPMI-1640 medium without serum \[50 mg/ml propidium iodide (Sigma-Aldrich, St Louis, Missouri, USA), 5 μg/ml Hoechest 33342 (Thermo, Hom Bridge City, Massachusetts, USA)\]. Cells were incubated for 10 m at 37°C and the percentage of apoptotic cells was determined by Thermo Scientific ArrayScan VTI HCS (Thermo). Cellquest software (Becton Dickinson, Franklin, New Jersey, USA) was used for analysis. This experiment was repeated three times.

Western blot
------------

Protein of 50--100 mg was subjected to 12% polyacrylamide gel electrophoresis. The separated protein was transferred to a polyvinylidene difluoride membrane by electrotransfer. The blots were blocked with 5% milk (Protifar; Nutricia, Zoetermeer, the Netherlands) in Tris-buffered saline--Tween 20 (TBS--T: 10 mmol/l Tris, pH 8.0, 150 mmol/l NaCl, 0.001% Tween 20) at room temperature for 1 h and incubated overnight at 4°C with specific antibodies against *p53* (SantaCruz, Huissen, the Netherlands) and GAPDH (Kandcheng, Shanghai, China) diluted in 5% milk/TBS--T.

Drug sensitivity experiments
----------------------------

### Determination of virus concentration in infected 801D cells

The three viruses, Ad, Ad-*p53*(wt) and Ad-*p53*(del), infected 801D cells at MOIs of 25, 50, and 100. Infection status was confirmed using fluorescence microscopy and detecting the expression of *p53*. The colony formation and inhibition rates were calculated after 2 weeks.

The second experimental method
------------------------------

Nude mice were divided randomly into four groups. There were six mice in each group. These groups were the Ad control group (drug untreated group) and the Ad, Ad-*p53*(del), Ad-*p53*(wt) groups (drug treatment groups). The three viruses, Ad, Ad-*p53*(del), and Ad-*p53*(wt), infected 801D cells at a MOI of 50. After 24 h, cells were harvested and washed twice with saline. Cells were resuspended at a density of 1.0×10^7^ cells/ml. A suspension (2.0×10^6^ cells) of 0.2 ml (equal to 1.0×10^8^ virus) was injected subcutaneously into the flank of BALBc (nu/nu) mice. When tumors became palpable, cisplatin or paclitaxel was injected into the abdominal cavity at 3 μg/g body weight. Control groups did not receive drug treatment. After 3 days, cisplatin or paclitaxel was injected again at the same dose, respectively. After a further 5 days, paclitaxel alone was injected at the same dose. All mice were killed after 45 days and the number of tumors, average tumor weight, and inhibition rates were calculated. Animal care and experiments were conducted in accordance with the Animal Research Committee Guidelines of Beijing Chest Hospital, Capital Medical University.

The first experimental method
-----------------------------

801D cells were harvested, washed twice with saline, and resuspended at a density of 1.0×10^7^ cells/ml. 0.2 ml suspension (2.0×10^6 ^cells) was then injected subcutaneously into the flanks of BALBc (nu/nu) mice. Nude mice were divided randomly into four groups. There were six mice in each group. These groups were the Ad control group (drug untreated group) and the Ad, Ad-*p53*(wt), Ad-*p53*(del) groups (drug treatment groups). Ad, Ad-*p53*(wt) and Ad-*p53*(del) were injected into the inoculation sites of the experimental groups at a concentration of 2.0×10^9^ per tumor, with an additional Ad group as a nondrug control. The experimental groups were administered either cisplatin or paclitaxel, as described in the second experimental method section.

Statistical analysis
--------------------

All data were analyzed using the SPSS, 13.0 software (IBM Corp., Armonk, New York, USA). The inhibition rates of colony formation and tumor weights among the different groups were analyzed using one-way analysis of variance. Differences were considered to be significant at *P* value less than or equal to 0.05.

Results
=======

Optimization of adenovirus-mediated growth inhibition of human lung cancer 801D cells *in vitro*
------------------------------------------------------------------------------------------------

From the time-related curve, the infection rate increased gradually from 0 to 24 h and reached a plateau at 24 h (Fig. [1](#F1){ref-type="fig"}a). Therefore, the infection time was determined in 24 h. The optimal dose of virus required to affect colony formation was determined by infecting 801D cells with different concentrations of the three prepared adenoviruses (Fig. [1](#F1){ref-type="fig"}b). A virus concentration of 100 MOI resulted in colony-formation inhibition rates of 80, 92, and 97% in Ad-infected, Ad-*p53*(wt)-infected, and Ad-*p53*(del)-infected cells, respectively. The inhibition rates were 40, 70, and 92%, respectively, at 50 MOI and 38, 48, and 85%, respectively, at 25 MOI. These results suggest that a viral dose of 100 MOI was toxic because the colony-formation inhibition rates of all three viruses, including the Ad control, were similarly high. In contrast, viral loads of 25 and 50 MOI resulted in lower inhibition rates for the control Ad virus (40 and 38%, respectively), but the colony-formation inhibition rate of Ad-*p53*(wt) was also low at a 25 MOI. We therefore used viral loads of 50 MOI in subsequent experiments.

![The optimal time and concentration of virus infection (a) the time-related curve of virus infection; (b) colony formation inhibition rates in 801D cells infected with three different recombinant viruses as indicated. \**P*\<0.05 (compared with the Ad group).](cad-26-852-g001){#F1}

*p53* expression in the infected lines
--------------------------------------

For the detection of *p53*, 50 mg protein of human lung cancer cell lines was subjected to western blot (Fig. [2](#F2){ref-type="fig"}a). Compared with 801D cells, *p53* protein levels of 801D-*p53*(wt) and 801D-*p53*(del) cells increased. *p53* expression was increased two times and 1.96 times in 801D-*p53*(wt) and 801D-*p53*(del), respectively. To determine the function of the truncated *p53*, we performed a cell proliferation assay. As indicated in Fig. [2](#F2){ref-type="fig"}b, 801D-*p53*(wt) and 801D-*p53*(del) cells showed decreased growth beginning on the second day. From the third day, proliferation of 801D-*p53*(wt) and 801D-*p53*(del) cells showed differences. The proliferation of 801D-*p53*(del) cells was slower than that of 801D-*p53*(wt) cells. In addition, apoptosis was analyzed by calculating the apoptosis ratios by HCS. Compared with 801D cells, more apoptosis cells appeared in 801D-*p53*(wt) and 801D-*p53*(del) cells (Fig. [2](#F2){ref-type="fig"}c). Compared with 801D cells, the apoptosis ratio of 801D-*p53*(wt) cells increased 1.99-fold (*P*\<0.05) and that of 801D-*p53*(del) cells increased 2.65-fold (*P*\<0.05).

![The identification of p53 virus infection (a) the identification of p53 protein; (b) the growth curve of 801D and infected cell strains; (c) apoptosis condition of 801D and infected cell strains. MTS, 3-(4, 5-dimethyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.](cad-26-852-g002){#F2}

Drug sensitivity experiments in nude mice
-----------------------------------------

### Deleted-C-terminal *p53* increases 801D cell sensitivity to anticancer drugs by the second method

The effect of deleting the C-terminal of *p53* on the sensitivity of lung cancer cells to cisplatin was tested using the second method (Table [1](#T1){ref-type="table"}). Tumor weights differed among the various treatments. Tumor weights in the untreated Ad group were significantly greater than those of the Ad+PDD, Ad-*p53*(del)+PDD, and Ad-*p53*(wt)+PDD groups (*P*\<0.05), suggesting that cisplatin suppressed tumor growth. The average tumor weight in the Ad+PDD group was significantly greater than that in the Ad-*p53*(del)+PDD group and the Ad-*p53*(wt)+PDD group (*P*\<0.05). Although there was no significant difference in the tumor weights between the Ad-*p53*(wt)+PDD and the Ad-*p53*(del)+PDD groups (*P*\>0.05), the average tumor weight of the Ad-*p53*(del)+PDD group was smaller than that of the Ad-*p53*(wt)+PDD group. Compared with the Ad+PDD group, the tumor-inhibition rates were increased by 51.11% in the Ad-*p53*(wt)+PDD group and by 62.22% in the Ad-*p53*(del)+PDD group. These results suggest that *p53* deleting the C-terminal significantly increased the sensitivity of 801D cells to cisplatin.

###### 

PDD sensitivity assay of the second experimental method

![](cad-26-852-g003)

The effect of *p53* deleting the C-terminal on the sensitivity of lung cancer cells to paclitaxel (Tax) was also examined using the second method (Table [2](#T2){ref-type="table"}). The average tumor weight in the Ad-*p53*(del)+Tax group was significantly smaller than those in the Ad, Ad+Tax, and Ad-*p53*(wt)+Tax groups (*P*\<0.05). There were no significant differences among the Ad, Ad+Tax, and Ad-*p53*(wt)+Tax groups (*P*\>0.05). Compared with the Ad+Tax group, the tumor-inhibition rate was increased by 57.89% in the Ad-*p53*(del)+Tax group. These results suggest that deleted-C-terminal *p53*, but not full-length *p53*, increased the sensitivity of 801D cells to paclitaxel.

###### 

Paclitaxel sensitivity assay of the second experimental method

![](cad-26-852-g004)

### Deleted-C-terminal *p53* does not increase 801D cell sensitivity to anticancer drugs by the first method

The sensitivity of lung cancer cells with C-terminal-deleted *p53* to cisplatin was also examined using the first method (Table [3](#T3){ref-type="table"}). The average tumor weight in the Ad group was significantly greater than those in the Ad+PDD, Ad-*p53*(del)+PDD, and Ad-*p53*(wt)+PDD groups (*P*\<0.05). However, there were no significant differences among the Ad+PDD, Ad-*p53*(del)+PDD, and Ad-*p53*(wt)+PDD groups (*P*\>0.05). Compared with the Ad+PDD group, the tumor-inhibition rates in the Ad-*p53*(wt) and Ad-*p53*(del) groups were increased by 1.61 and 1.61%, respectively, after cisplatin treatment. These results suggest that, under the first method, neither deleted-C-terminal *p53* nor full-length *p53* increased the sensitivity of 801D cells to cisplatin.

###### 

PDD sensitivity assay of the first experimental method

![](cad-26-852-g005)

The sensitivity of lung cancer cells to paclitaxel was detected under the conditions of the first method (Table [4](#T4){ref-type="table"}). There were no significant differences in the average tumor weights among the Ad, Ad+Tax, Ad-*p53*(wt)+Tax, and Ad-*p53*(del)+Tax groups (*P*\>0.05). Similarly, there were no significant differences in tumor-inhibition rates after paclitaxel treatment in either the Ad-*p53*(wt) or the Ad-*p53*(del) groups compared with paclitaxel-treated Ad alone. These results suggest that neither deleted-C-terminal *p53* nor full-length *p53* increased the sensitivity of 801D cells to paclitaxel in the first method.

###### 

Paclitaxel sensitivity assay of the first experimental method

![](cad-26-852-g006)

Comparison of two experimental methods
--------------------------------------

### Interclass variations becomes small and central tendency is better in the second method

*p53* deletion at the C-terminal increased the sensitivity of 801D cells to anticancer drugs with the second, but not the first method, as indicated by significant differences between several groups. We therefore analyzed the data further (Table [5](#T5){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}). The SEs in the Ad-*p53*(del) and Ad-*p53*(wt) groups with cisplatin treatment in the second method were fewer than those in the first method, whereas the SE in the Ad group with cisplatin treatment in the second method was greater than that of the first method. The ratios of SEs and mean in Ad-*p53*(del) and Ad-*p53*(wt) groups with cisplatin treatment in the second method were greater than those in the first method, whereas the ratio of SE and mean in the Ad group with cisplatin treatment in the second method was less than that in the first method.

###### 

Comparison results of two methods in the chemotherapy drugs susceptibility test

![](cad-26-852-g007)

![The SE/mean comparisons of two methods in chemotherapy drugs susceptibility test. (a) The SE/mean comparison of two methods in the PDD susceptibility test. (b) The SE/mean comparison of two methods in the Tax susceptibility test.](cad-26-852-g008){#F3}

The results of paclitaxel experiments were analyzed under two experimental methods (Table [5](#T5){ref-type="table"} and Fig. [3](#F3){ref-type="fig"}). The analytic results showed that the SEs of the Ad, Ad+Tax, Ad-*p53*(wt)+Tax, and Ad-*p53*(del)+Tax groups in the second method were less than those in the first method. The ratios of SEs and mean of the Ad, Ad+Tax, Ad-*p53*(wt)+Tax, and Ad-*p53*(del)+Tax groups in the second method were less than those in the first method. This analysis indicates that the data showed lower interclass variations and better central tendency in the second method.

Discussion
==========

Recent studies have shown that the drug sensitivity of cancer cells is related to drug response. Cytotoxic drugs kill tumor cells by a variety of ways and mechanisms [@R4],[@R5], and further work is required to improve the efficacy of drug responses. The genetic background and molecular abnormalities of cancer cells affect their sensitivity to anticancer drugs. The *p53* tumor-suppressor gene plays an important regulatory role in multiple complex gene networks [@R15]. Notably, *p53* is regulated negatively by its C-terminal. *p53* is often targeted by anticancer agents; for example, the anticancer agent cisplatin stimulates the molecular sensors ataxia telangiectasia mutated, ataxia telangiectasia and Rad3-related, and the DNA-dependent protein kinase, which can activate *p53* phosphorylation through a negative-feedback loop that promotes dissociation from MDM2, and thereby increases *p53* expression and stability [@R16],[@R17].

*p53* gene expression has been shown to increase the sensitivity of cancer cells to anticancer drugs *in vitro*, *in vivo*, and in clinical trials [@R18]--[@R22]. Because the C-terminal of *p53* plays a negative regulatory role, we examined the sensitivity of human lung cancer cells with *p53* deleting the C-terminal to chemotherapeutic drugs with two methods. The experimental results showed that tumor-inhibition rates increased in mice treated with cisplatin in the deleted-C-terminal and full-length *p53* groups. However, significant tumor inhibition was only achieved in tumors expressing *p53* deleting the C-terminal and only in mice treated using the second method after cisplatin treatment. The inhibition rate in cells with *p53* deleting the C-terminal, but not in those with full-length *p53*, was significantly increased compared with the Ad control group with or without paclitaxel treatment in the second, but not in the first method. These results provide direct evidence that *p53* deletion in the C-terminal increases the sensitivity of tumor cells to chemotherapeutic drugs. In this study, *p53* deletion of the C-terminal removed 37 amino acids (356--393) of the C-terminal and its noncoding region. These sequences regulate *p53* function negatively and include sequences that can inhibit *p53* transcription or induce its degradation when combined with microRNA. This is the first study to report a relationship between *p53* deleting the C-terminal and chemotherapeutic drug responses.

The C-terminal of *p53* mainly includes the functional domains. The C-terminal includes the nuclear localization signal (NLS), the nuclear export signal, the tetramerization domain, and the C-terminal regulatory domain. The tetramerization domain is essential for DNA binding, protein--protein interactions, post-translational modifications, and *p53* degradation. Nuclear *p53* enables its activity as a transcription factor [@R23]--[@R25] and so NLS is essential. In the truncated *p53*, we reserve the NLS and the tetramerization domain and remove the other part of the C-terminal. We proved that the truncated *p53* negatively regulated tumor cell sensitivity to anticancer drugs. However, the mechanisms remain unclear and require further investigation: first, it should be clarified as to what elements on these sequences are responsible for the negative regulation. Is it possible that some miRNA or lncmRNA targets these sequences to inhibit *p53* function or the 3′ noncoding mRNA sequence is self-regulated? Second, the key genes involved in the signaling pathways through which those repressor sequences regulated drug sensitivity should be identified. It is very important to understand the role of 3′ sequences of *p53* in tumor suppression and to elucidate the mechanisms underlined, which would benefit both basic science research and new anticancer drug development.

Furthermore, the first and second methods were analyzed in terms of their abilities to deliver robust results. The second method produced statistically significant findings, whereas the first method did not. Tumor-inhibition rates increased in the Ad-*p53*(del)+drug groups, but not in the Ad-*p53*(wt)+drug groups compared with the Ad+drug groups, which indicates that *p53* deletion of the C-terminal increased the response of 801D cells to cisplatin and paclitaxel.

As for the stability and reliability of the two experimental methods, the second method produced smaller SEs than the first method. The SE reflects the size of sampling error, that is, a smaller SE indicates greater stability and reliability of the mean. Thus, the result of the analysis of the SE suggests that the second method is preferable to the first method. Because the size of SE is related to the mean, we also analyzed the ratios of SE and mean. However, the ratio of SE to mean in the Ad-*p53*(del)+PDD group was greater for the second method than for the first method in the cisplatin-sensitivity experiments. The result is inconsistent with that of the analysis of SE alone. This discrepancy may be because the SE and mean in the Ad-*p53*(del)+PDD group were smaller for the second method compared with the first method, given that it is difficult to decrease the SE beyond a certain value in small samples, in brief, whether SEs or the ratios of SEs and mean indicated that the second method was preferable to the first method. Similarly, the ratios of SE and mean in the Ad+Tax, Ad-*p53*(wt)+Tax, and Ad-*p53*(del)+Tax groups were lower for the second method compared with the first method in the paclitaxel-sensitivity experiments, which also suggests superiority of the second method.

In addition to its reliability, the second method also has several other advantages. First, the ratio and division of infected cells can be observed under a fluorescence microscope. Second, cells are infected more uniformly and the infection rates are similar among groups. Finally, this method overcomes the restrictions associated with injecting virus into the inoculation sites, such as uneven infection of the tumor cells. Overall, the second method therefore represents a more efficient method for conducting experiments to test the effects of adenovirus-mediated factors on tumor drug sensitivity *in vivo*.

Conclusion
----------

The second experimental method is recommended for performing drug sensitivity tests *in vivo*. In other words, viruses infect cells before cells are inoculated into nude mice and drugs are used once the tumors become palpable. In addition, the results of this study show that *p53* deletion of the C-terminal can increase the sensitivity of 801D cells to chemotherapeutic drugs compared with full-length *p53*.
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